Introduction
Na + /H + exchange is present in the plasma membrane of virtually all cells and plays a major role in a variety of cell functions, including control of cell volume, regulation of intracellular pH (pH i ), reabsorption of sodium chloride (NaCl) and sodium bicarbonate (NaHCO 3 ) by epithelial cells and proliferation (1) (2) (3) . At least 5 mammalian isoforms of Na + /H + exchange (NHE1-NHE5) have been identified (3) (4) (5) . These isoforms differ in their tissue distribution, sensitivity to amiloride analogs, and responses to physiological stimuli (2) (3) (4) (5) .
A prominent feature of Na + /H + exchangers (NHEs) is their regulation by osmotic stress. In many cells, Na + /H + exchange activity is increased in response to hyperosmotic cell shrinkage, resulting in increased cellular uptake of NaCl and H 2 O that returns cell volume toward its original value (1, 6) . This volume regulatory response generally is mediated through hyperosmotic activation of NHE1, the ubiquitously expressed exchanger isoform present on the plasma membrane of nonpolar cells and the basolateral membrane of epithelial cells (3-5, 7, 8) . Hyperosmolality also influences the activities of NHE2, NHE3, and NHE4, isoforms that exhibit a more restricted tissue distribution, with preferential localization in epithelial cells of the kidney and gastrointestinal tract (3) (4) (5) 9) . Similar to NHE1, NHE2 and NHE4 are activated by hyperosmolality and may play a role in the regulation of cell volume (9) (10) (11) . In contrast, hyperosmolality inhibits NHE3 (10, (12) (13) (14) (15) . This isoform is located predominantly in the apical membrane of renal tubule and intestinal epithelial cells, where it plays a major role in mediating the transepithelial reabsorption of NaCl and NaHCO 3 (3, 5, 13, (16) (17) (18) (19) (20) . Thus, NHE isoforms are regulated differentially by hyperosmolality, probably reflecting the fact that the isoforms subserve different physiologic functions, such as cell volume regulation and transepithelial sodium reabsorption, that may need to be regulated independently in response to hyperosmotic stress.
In contrast to hyperosmolality, the effects of hyposmolality on NHEs have not been clearly defined. Hyposmolality has been shown to decrease Na + /H + exchange activity in several systems (10, (21) (22) (23) , effects that are attributable to hyposmotic inhibition of the housekeeping isoform NHE1 (10, 22, 23) . The physiologic responses of other isoforms to hyposmotic stress are not understood. In a study of epithelial isoforms expressed in an NHE-deficient cell line, hyposmolality
The regulation of epithelial Na + /H + exchangers (NHEs) by hyposmolality is poorly understood. In the renal medullary thick ascending limb (MTAL), transepithelial bicarbonate (HCO 3 -) absorption is mediated by apical membrane Na + /H + exchange, attributable to NHE3. In the present study we examined the effects of hyposmolality on apical Na + /H + exchange activity and HCO 3 -absorption in the MTAL of the rat. In MTAL perfused in vitro with 25 mM HCO 3 -solutions, decreasing osmolality in the lumen and bath by removal of either mannitol or sodium chloride significantly increased HCO 3 -absorption. The responses to lumen addition of the inhibitors ethylisopropyl amiloride, amiloride, or HOE 694 are consistent with hyposmotic stimulation of apical NHE3 activity and provide no evidence for a role for apical NHE2 in HCO 3 -absorption. Hyposmolality increased apical Na + /H + exchange activity over the pH i range 6.5-7.5 due to an increase in V max . Pretreatment with either tyrosine kinase inhibitors or with the tyrosine phosphatase inhibitor molybdate completely blocked stimulation of HCO 3 -absorption by hyposmolality. These results demonstrate that hyposmolality increases HCO 3 -absorption in the MTAL through a novel stimulation of apical membrane Na + /H + exchange and provide the first evidence that NHE3 is regulated by hyposmotic stress. Stimulation of apical Na + /H + exchange activity in renal cells by a decrease in osmolality may contribute to such pathophysiological processes as urine acidification by diuretics, diuretic resistance, and renal sodium retention in edematous states.
inhibited NHE2 activity but had no effect on NHE3 activity (10) . Hyposmolality also had no effect on NHE3 activity in LLC-PK 1 cells, a renal epithelial cell line (23) . The latter observations suggest that hyposmolality may not be involved in the physiological regulation of NHE3 and its primary function, transepithelial sodium absorption. However, no studies have examined the effects of hyposmolality on NHE3 activity in intact, native epithelia. Thus, it is unclear whether NHE3 is physiologically unresponsive to hyposmotic stress or whether its regulation by hyposmolality may be cell-type specific, requiring regulatory elements that are present in native epithelial cells but lacking in NHE-transfected cells or established cell lines.
The medullary thick ascending limb (MTAL) of the mammalian kidney participates in the regulation of acid-base balance by reabsorbing most of the filtered HCO 3 -that is not reabsorbed by the proximal tubule (24) . The H + secretion necessary for this HCO 3 -absorption is mediated virtually completely by apical membrane Na + /H + exchange (18) attributable to NHE3 (13, 16, 20, 25) . Because of its location in the renal medulla, the MTAL is routinely exposed to rapid and large variations in lumen and interstitial osmolality during changes in H 2 O balance due to the operation of the urinary concentrating mechanism (26) . Recently, we demonstrated that peritubular hyperosmolality markedly inhibits HCO 3 -absorption in the MTAL through inhibition of apical membrane Na + /H + exchange (NHE3) activity (12, 13) . This inhibition was mediated through a tyrosine kinase-dependent signaling pathway and was due to a decrease in the apparent affinity of the exchanger for intracellular H + (12, 13) . These findings established that osmolality is an important determinant of the rate of luminal acid secretion and HCO 3 -absorption by renal tubule segments. At present, however, the effects of hyposmolality on Na + /H + exchange activity and HCO 3 -absorption in renal tubules are largely unknown. The signal transduction pathways that mediate hyposmotic regulation of Na + /H + exchange activity also have not been identified.
The purpose of the present study was to examine the effects of hyposmolality on apical membrane Na + /H + exchange activity and HCO 3 -absorption in the MTAL of the rat. The results demonstrate that peritubular hyposmolality increases HCO 3 -absorption through a novel stimulation of apical membrane Na + /H + exchange activity, attributable to NHE3. The hyposmotic stimulation of HCO 3 -absorption is mediated through a tyrosine kinase-dependent signaling pathway. Stimulation of apical membrane Na + /H + exchange activity in renal tubule cells by a decrease in osmolality may contribute to changes in urinary net acid and sodium excretion in a variety of pathophysiological conditions.
Methods
Tubule perfusion. MTAL from male Sprague-Dawley rats (60-90 g; Taconic Farms, Germantown, New York, USA) were isolated and perfused in vitro as described previously (12, 13, 27, 28) . In brief, the tubules were dissected from the inner stripe of the outer medulla, transferred to a bath chamber on the stage of an inverted microscope, and mounted on concentric glass micropipets for perfusion at 37°C. The composition of the perfusion and bath solutions for specific protocols is given below. Solutions containing furosemide, 5-(Nethyl-N-isopropyl) amiloride (EIPA), amiloride, Nmethyl-D-glucammonium (NMDG + ), 2′,7′-bis-(carboxyethyl)-5,6-carboxy-fluorescein (BCECF), and tyrosine kinase inhibitors were prepared as described previously (12, 13 3 -transport experiments (see Figure 1b) , 25 mM NaCl replaced 50 mM mannitol in the control perfusate and bath (Na + = 146 mM, Cl -= 122 mM, osmolality = 295 mosmol/kg H 2 O). In this series the hyposmotic solution was made by the removal of 25 mM NaCl. All solutions were equilibriated with 95% O 2 , 5% CO 2 (pH 7.45) at 37°C. Bath solutions also contained 0.2 g/100 mL fatty acid-free BSA. Experimental agents were added to the lumen or bath solutions as described in Results. The tubules were dissected at 10°C in the control solution that contained 146 mM Na + and 122 mM Cl -(see above). The length of the perfused tubule segments ranged from 0.51 to 0.70 mm.
The protocol for study of transepithelial HCO 3 -absorption was as described (13, 27) . The tubules were equilibrated for 20 to 30 minutes at 37°C in the initial perfusion and bath solutions, and the luminal flow rate (normalized per unit tubule length) was adjusted to 1.4-1.9 nL/min per millimeter. Two or three 10-minute tubule fluid samples were then collected for each period (initial, experimental, and recovery). The tubules were allowed to re-equilibrate for 5 to 15 minutes after a change in the composition of the lumen and/or bath solutions. The absolute rate of HCO 3 -absorption (JHCO 3 -, pmol/min per millimeter) was calculated from the luminal flow rate and the difference between total CO 2 concentrations measured in perfused and collected fluids (13, 27 ). An average HCO 3 -absorption rate was calculated for each period studied in a given tubule. When repeat measurements were made at the beginning and end of an experiment (initial and recovery periods), the values were averaged. Single tubule values are presented in the figures. Mean values ± SE (n = number of tubules) are presented in the text.
Measurement of pH i . The pH i was measured by using the pH-sensitive dye BCECF and a computer-controlled spectrofluorometer (CM-X; SPEX Industries, Edison, New Jersey, USA) coupled to the perfusion apparatus, as described previously (12, 28, 29) . The tubules were perfused in the same manner used for HCO 3 -transport experiments except that the lumen and bath solutions were delivered using rapid-flow systems that permit complete exchange of the solutions in less than 2 seconds (28). Intracellular dye was excited alternately at 500-nm and 440-nm wavelengths and emission was monitored at 530 nm using a photon counter. Intracellular dye was calibrated using high K + -nigericin standards at the end of each experiment to convert fluorescence excitation ratios (F500/F440) to pH i values, as described previously (12, 28) . For tubules studied in isosmotic solution, the calibration solution contained (in mM) 95 K + , 10 Na + , 107 Cl -, 2.0 Ca 2+ , 1.5 Mg 2+ , 2.5 phosphate, 25 HEPES, 5 glucose, 50 mannitol, and 0.01 nigericin (titrated to selected pH values between 6.5 and 7.5). For experiments with hyposmotic solution, calibrations were performed using the same standards made hyposmotic by the removal of 50 mM mannitol. Consistent with previous results (12, 30) , decreasing the K + concentration of the hyposmotic calibration solutions by an amount inversely proportional to the increase in cell volume (see below) had no affect on excitation ratios. Mean excitation ratios and the mean calibration slope did not differ with isosmotic and hyposmotic calibration solutions (slope = 0.34 ± 0.02 pH unit, isosmotic, versus 0.38 ± 0.02 pH unit, hyposmotic; P = NS).
Measurement of apical membrane Na + /H + exchange activity. Apical membrane Na + /H + exchange activity was determined as described previously (12) . The tubules were perfused and bathed in either isosmotic or hyposmotic HEPES-buffered solution. The isosmotic solution contained (in mM) 120 Na + , 4 K + , 122 Cl -, 2.0 Ca 2+ , 1.5 Mg 2+ , 1.0 phosphate, 1.0 SO 4 2-, 1.0 citrate, 2.0 lactate, 5.5 glucose, 5 HEPES, and 50 mannitol. The hyposmotic solution was identical except for the removal of 50 mM mannitol. Both solutions were equilibrated with 100% O 2 and titrated to pH 7.4. The lumen solutions also contained furosemide to block Na + -K + -2Cl -cotransport-mediated changes in cell Na + concentration or volume, and the bath solutions contained EIPA to eliminate any contribution of basolateral membrane Na + /H + exchange to changes in pH i . After a stable pH i was reached, Na + was replaced completely with NMDG + in the lumen and bath solutions. Bilateral Na + replacement unmasks a background acid-loading process that reduces the pH i to 6.5-6.7 (12). Apical Na + /H + exchange activity was then determined by measurement of the initial rate of pH i increase after readdition of Na + to the tubule lumen. H + flux rates were calculated as (dpH i /dt) × β i × V, where dpH i /dt is the initial slope of the record of pH i versus time (pH units/min) measured over the first 4 seconds following an experimental maneuver (12, 28) , β i is the intrinsic intracellular buffering power (mmol/L × pH unit), and V is cell volume per millimeter tubule length (nL/mm; see below). To determine the pH i -dependence of apical membrane Na + /H + exchange, 
Figure 2
Bath hyposmolality is necessary for stimulation of HCO 3 -absorption. After an initial control period, hyposmolality was produced in the lumen alone (50 mM mannitol removed). The bath was then made hyposmotic in the continued presence of a hyposmotic lumen. JHCO 3 -, data points, and lines as in Figure 1 . P value is for lumen plus bath versus either period of lumen alone (ANOVA). P = NS, control versus lumen. Mean values are presented in Results.
the Na + -dependent pH i recovery was interrupted at various points along the recovery curve by luminal Na + removal (NMDG + ) plus EIPA, which unmasks background acid loading (12) . At the point of interruption, the Na + /H + exchange rate is calculated as the difference between the net recovery rate and the background acidloading rate (12, 31) . This approach permits the Na + /H + exchange rate to be determined over a range of pH i values, with appropriate corrections for a variable background acid-loading rate.
To calculate H + fluxes, β i was determined as a function of pH i using methods described previously (12) . The isosmotic solution used to measure β i was identical to that used previously (12) , except 50 mM mannitol replaced 25 mM NMDG gluconate. The hyposmotic solution for determination of β i was identical to the isosmotic solution, except for the removal of 50 mM mannitol. β i did not differ in the isosmotic and hyposmotic solutions over the pH i range studied (6.5-7.6). Similar to previous results (12) , β i decreased linearly with increasing pH i , averaging 57 ± 2 mM/pH unit at pH i 6.6 and 39 ± 3 mM/pH unit at pH i 7.5. V was determined from inner and outer tubule diameters measured under conditions identical to those used for measurement of initial rates of Na + -dependent pH i recovery (12, 13, 32) . V was 0.33 ± 0.03 nL/mm (n = 3) in isosmotic solution and 0.37 ± 0.03 (n = 4) in hyposmotic solution. V did not differ in the absence and presence of lumen Na + in either condition. Cell volume also was determined in tubules studied in the control and hyposmotic (245 mosmol/kg H 2 O) solutions used in HCO 3 -transport experiments. In these experiments, in which control and hyposmotic measurements were made in the same tubule, V was 0.31 ± 0.02 nL/mm in control solution and increased reversibly to 0.35 ± 0.02 nL/mm in hyposmotic solution (n = 4; P < 0.001). Thus, in both the pH i and HCO 3 -transport protocols, hyposmolality induced a small (12-14%) increase in steady-state cell volume.
Statistical analysis. Results are presented as means ± SE. Differences between means were evaluated using analysis of variance for repeated measurements with Newman-Keuls multiple range test or the Student's t test for unpaired data, as appropriate. P less than 0.05 was considered statistically significant. 3 -absorption. The effects of hyposmolality on transepithelial HCO 3 -absorption are shown in Figure 1 . Removal of 50 mM mannitol from the lumen and bath solutions increased HCO 3 -absorption from 9.7 ± 1.3 to 13.3 ± 1.0 pmol/min per millimeter (n = 5; P < 0.001) (Figure 1a ). The stimulation was observed within 15 minutes after mannitol was removed and was reversible. Decreasing osmolality from 295 to 270 mosmol/kg H 2 O by the removal of 25 mM mannitol caused a similar stimulation of HCO 3 -absorption (10.3 ± 1.1 pmol/min per millimeter control vs. 12.8 ± 1.2 pmol/min per millimeter hyposmotic, n = 4; P < 0.001).
Results

Hyposmolality stimulates HCO
To determine whether the stimulation of HCO 3 -absorption was due to the removal of mannitol or to the decrease in osmolality, we examined the effect of removing NaCl. Removal of 25 mM NaCl from the lumen and bath increased HCO 3 -absorption from 9.9 ± 1.0 to 14.2 ± 0.8 pmol/min per millimeter (n = 3; P < 0.005) (Figure 1b) . Thus, the response to NaCl removal was similar to that observed with mannitol removal. These findings indicate that the stimulation of HCO 3 -absorption is due to the decrease in osmolality rather than to the removal of a particular solute or to a change in the solution ionic strength. In subsequent experiments, hyposmolality was produced by the removal of 50 mM mannitol.
Bath hyposmolality is necessary for stimulation of HCO 3 - absorption. Because the thick ascending limb has a very low osmotic water permeability, the reabsorption of sodium salts normally reduces the lumen osmolality to below that of the peritubular fluid (26, 33) . We therefore tested whether decreasing the osmolality of the lumen alone would stimulate HCO 3 -absorption. The results in Figure 2 show that removal of mannitol from the tubule lumen only had no effect on HCO 3 -absorption (10.9 ± 0.9 pmol/min per millimeter control vs. 10.8 ± 0.9 pmol/min per millimeter lumen hypo; n = 5). Based on previous measurements of osmotic-induced transepithelial water flow in the MTAL (27, 33, 34) , the water flux induced by the removal of lumen mannitol would by itself increase the lumen HCO 3 -concentration by less than 2% at a lumen flow rate of 1.7 nL/min per millimeter. Thus, fluid transport has a negligible
Figure 3
Furosemide has no effect on stimulation of HCO 3 -absorption by hyposmolality. Hyposmolality was produced by removal of 50 mM mannitol from lumen and bath solutions. Furosemide (Furos; 10 -4 M) was present in the lumen throughout the experiments. JHCO 3 -, data points, lines, and P value are as in Figure 1 . Mean values are presented in Results.
influence on the calculated HCO 3 -absorption rates under the conditions of our experiments.
In contrast, in the continued presence of lumen hyposmolality, removal of mannitol from the bath reversibly increased HCO 3 -absorption from 10.8 ± 0.9 to 15.4 ± 1.3 pmol/min per millimeter (n = 5; P < 0.001) (Figure 2 ). These results demonstrate that a decrease in peritubular fluid osmolality is necessary for the hyposmotic stimulation of HCO 3 -absorption. Furosemide has no effect on stimulation of HCO 3 -absorption by hyposmolality. Changes in extracellular tonicity alter the activity of Na + -K + -2Cl -cotransport and other transport pathways involved in NaCl absorption by the MTAL (34, 35) . To determine whether the stimulation of HCO 3 -absorption may have been the indirect result of an effect on transcellular NaCl transport, we examined the effect of hyposmolality in tubules perfused with furosemide to block NaCl absorption (33) . In MTAL studied with 10 -4 M furosemide in the tubule lumen, removal of 50 mM mannitol from the lumen and bath solutions increased HCO 3 -absorption from 10.0 ± 1.0 to 15.2 ± 1.4 pmol/min per millimeter (n = 4; P < 0.001) (Figure 3 ). Thus the stimulation of HCO 3 -absorption by hyposmolality occurs independent of effects on net NaCl absorption.
Lumen EIPA inhibits stimulation of HCO 3 -absorption by hyposmolality. Absorption of HCO 3 -by the MTAL is mediated by apical membrane Na + /H + exchange (18, 24) . Therefore, we tested whether the increase in HCO 3 -absorption induced by hyposmolality was mediated by an increase in apical Na + /H + exchange activity. The contribution of apical membrane Na + /H + exchange to HCO 3 -absorption was assessed by the lumen addition of 50 µM EIPA, which inhibits apical Na + /H + exchange activity and HCO 3 -absorption virtually completely in the MTAL (12, 18, 29) . The results in Figure 4a show that in MTAL perfused and bathed in hyposmotic solution, addition of 50 µM EIPA to the lumen decreased HCO 3 -absorption from 13.2 ± 1.1 to 1.1 ± 0.1 pmol/min per millimeter (n = 4; P < 0.001). Thus, virtually all of HCO 3 -absorption in hyposmotic solution is inhibited by lumen EIPA, which suggests that hyposmolality increases HCO 3 -absorption through stimulation of apical membrane Na + /H + exchange.
The apical membrane Na + /H + exchange activity responsible for HCO 3 -absorption in the rat MTAL is mediated by the relatively amiloride-resistant exchanger isoform NHE3 (13, 16, 20, 25, 29) . Recent studies suggest, however, that the apical membrane of the MTAL also may contain the amiloride-sensitive isoform NHE2 and that this isoform may contribute to luminal acidification and HCO 3 -absorption (36, 37). We therefore considered whether the stimulation of HCO 3 -absorption by hyposmolality may involve the activation of NHE2. The experiments in Figure 4a do not distinguish between NHE3 and NHE2 because both isoforms are inhibited by 50 µM EIPA. Therefore, additional experiments were performed using 50 µM amiloride or 100 µM HOE 694, compounds that at the concentrations indicated inhibit NHE2 activity virtually completely but have negligible effects on NHE3 (2, 3). Previously we found that 50 µM lumen amiloride had no effect on HCO 3 -absorption in MTAL studied in control (isosmotic) solutions (29) . The results in Figure 4b show that addition of 50 µM amiloride to the lumen also had no effect on HCO 3 -absorption in hyposmotic solution. Lumen addition of 100 µM HOE 694, which has a 2 log-order difference in its inhibitory constant for NHE2 (K i , 5 µM) versus NHE3 (K i , 650 µM), also had no effect on HCO 3 -absorption in hyposmotic solution (Figure 4b ). For the 6 experiments combined in Figure 4b , the HCO 3 -absorption rate was 13.7 ± 1.1 pmol/min per millimeter for hyposmolality versus 13.9 ± 1.2 pmol/min per millimeter for hyposmolality plus inhibitor (P = NS). Lumen HOE 694 (100 µM) also had no effect on HCO 3 -absorption in control solution (data not shown). Thus, we found no evidence that an amiloride-or HOE 694-sensitive NHE (NHE2) contributes to HCO 3 -absorption under either hyposmotic or isosmotic conditions. Taken together, these findings suggest that the hyposmotic stimulation of HCO 3 -absorption involves stimulation of an amiloride-resistant, HOE 694-insensitive apical membrane Na + /H + exchanger (NHE3).
Hyposmolality stimulates apical membrane Na + /H + exchange activity. Further experiments were carried out to test directly the hypothesis that hyposmolality stimulates apical membrane Na + /H + exchange activity. MTAL were studied in isosmotic or hyposmotic solution, and apical Na + /H + exchange activity was examined directly by measurement of initial rates of pH i increase after lumen Na + addition (see Methods). As shown in Figure 5 , hyposmolality increased apical membrane Na + /H + exchange activity over the pH i range 6.5-7.7. The apical exchanger exhibited a sigmoidal dependence on pH i , as described
Figure 4
Effects of lumen EIPA, amiloride, and HOE 694 on HCO 3 -absorption in hyposmotic solutions. MTAL were perfused and bathed in hyposmotic solution (50 mM mannitol removed) and then 50 µM EIPA (a) and 50 µM amiloride or 100 µM HOE 694 (b) was added to the tubule lumen. JHCO 3 -, data points, lines, and P values are as in Figure 1 . Mean values are presented in Results.
previously (12, 38) . Kinetic analysis showed that the stimulation of Na + /H + exchange activity was due to a 110% increase in V max ( Figure 5 ). The apparent affinity for intracellular H + (K´a pp ) and the apparent Hill coefficient (n app ) were similar in isosmotic and hyposmotic solutions. These results demonstrate that hyposmolality stimulates apical membrane Na + /H + exchange activity in the MTAL by increasing its maximal rate of exchange.
To confirm that the Na + -dependent pH i recovery stimulated by hyposmolality was due to Na + /H + exchange, we measured initial rates of pH i recovery after lumen Na + addition in the absence and presence of 50 µM EIPA. The results in Figure 6 show that lumen EIPA inhibited pH i recovery nearly completely in both isosmotic and hyposmotic solutions. With EIPA in the lumen, the recovery rate was reduced to 3.7 ± 0.8 pmol/min per millimeter (n = 4) in isosmotic solution and to 3.6 ± 0.6 pmol/min per millimeter (n = 4) in hyposmotic solution (> 90% inhibition). Taken together, our results support the conclusion that hyposmolality stimulates HCO 3 -absorption in the MTAL through stimulation of apical membrane Na + /H + exchange. 3 -absorption by hyposmolality. The signaling pathways involved in hyposmotic regulation of Na + /H + exchange are not understood. Based on our previous demonstration that inhibition of apical Na + /H + exchange activity and HCO 3 -absorption by hyperosmolality was blocked by tyrosine kinase inhibitors, we tested whether tyrosine kinase pathways also are involved in the stimulation by hyposmolality. Tubules were bathed with genistein or herbimycin A, inhibitors that selectively block tyrosine kinasedependent regulation of HCO 3 -absorption in the MTAL (13, 39) . The results in Figure 7 show that in the presence of 7 µM genistein or 1 µM herbimycin A, hyposmolality had no effect on HCO 3 -absorption (13.1 ± 0.7 pmol/min per millimeter inhibitor, vs. 13.4 ± 0.6 pmol/min per millimeter inhibitor plus hyposmolality, n = 9; P = NS). These results suggest that tyrosine kinase pathways play a role in the hyposmotic stimulation of HCO 3 -absorption.
Inhibitors of tyrosine kinase pathways block stimulation of HCO
To examine further whether tyrosine kinase pathways are involved in the hyposmotic regulation of HCO 3 -absorption, we tested the effect of molybdate, a potent tyrosine phosphatase inhibitor that blocks inhibition of HCO 3 -absorption by hyperosmolality (13, 40) . In MTAL bathed with 50 µM sodium molybdate, removal of 50 mM mannitol from the lumen and bath had no effect on HCO 3 -absorption (10.0 ± 0.4 pmol/min per millimeter molybdate vs. 10.1 ± 0.5 pmol/min per millimeter molybdate plus hyposmolality, n = 4; P = NS). Taken together, these findings support a role for tyrosine phosphorylation in the stimulation of HCO 3 -absorption by hyposmolality.
Discussion
The regulation of epithelial Na + /H + exchangers and their related functions by hyposmolality is poorly understood. The present study demonstrates that hyposmolality increases transepithelial HCO 3 -absorption in the MTAL through stimulation of apical membrane Na + /H + exchange activity, attributable to stimulation of NHE3. Analysis of the mechanism of this stimulation showed that it is due to an increase in V max of the exchanger. The hyposmolality-induced increase in HCO 3 -absorption is mediated via a tyrosine kinasedependent signaling pathway. These studies, to our knowledge, are the first to demonstrate stimulation of an epithelial Na + /H + exchanger by hyposmolality and to provide evidence that the NHE3 isoform is regulated by hyposmotic stress. Moreover, our findings identify a previously unrecognized mechanism of Na + /H + exchange regulation that may contribute importantly to changes in renal net acid and sodium excretion in a variety of pathophysiological conditions in which decreases in osmolality are manifest.
Hyposmolality increases HCO 3 -absorption through stimulation of apical membrane Na + /H + exchange. The critical role of apical membrane Na + /H + exchange in mediating hyposmotic stimulation of HCO 3 -absorption was demonstrated by 2 lines of evidence: (a) the stimulation was eliminated by lumen EIPA (Figure 4a) ; and (b) hyposmolality increased apical Na + /H + exchange activity when assessed directly by measurement of lumen Na + -
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Figure 5
Hyposmolality stimulates apical mem- dependent acid extrusion rates ( Figure 5 ). The stimulation of the exchanger was due to an increase in V max . These findings indicate that hyposmotic stress triggers signaling pathways that are coupled directly to stimulation of the apical Na + /H + exchanger. In principle, hyposmotic swelling could increase apical Na + /H + exchange activity indirectly by decreasing pH i or cell [Na + ]. We found, however, that hyposmolality stimulates the apical exchanger independent of pH i ( Figure 5 ) and in cells depleted of Na + , thereby precluding any differences in cell Na + activity (12) . Thus, hyposmolality stimulates apical Na + /H + exchange activity in the absence of a change in the driving force for the exchanger. These findings support the conclusion that hyposmolality increases V max of the exchanger by increasing the turnover rate or the transporter number through an intracellular signal transduction mechanism. As discussed below, this signaling mechanism may be tyrosine kinase dependent. In the MTAL, transepithelial absorption of NaHCO 3 and NaCl are mediated through different apical membrane transporters: Na + /H + exchange mediates NaHCO 3 absorption, whereas Na + -K + -2Cl -cotransport mediates NaCl absorption (18, 24, 33) . Although these absorptive processes occur independently (18, 27) , changes in one transport system could, in principle, influence the activity of the other system, such as through effects on cell Na + activity. In the present study, hyposmolality stimulated HCO 3 -absorption to a similar extent in the absence and presence of lumen furosemide, indicating that the stimulation occurs independent of Na + -K + -2Cl -cotransport-mediated NaCl absorption. This finding is consistent with our demonstration that hyposmolality stimulates HCO 3 -absorption through a direct action on the kinetics of the apical Na + /H + exchanger and provides further evidence that NaHCO 3 and NaCl absorption are regulated independently in the MTAL. We also found that the stimulation of HCO 3 -absorption was dependent on a decrease in the osmolality of the bath solution. This finding is consistent with previous studies demonstrating that osmotic-induced changes in cell volume and ion transport in the MTAL are transduced across the basolateral membrane but not across the apical membrane, because of the negligibly low apical membrane H 2 O permeability (27, 32, 34, 35, 41) . Our results comparing the effects of mannitol removal and NaCl removal indicate that the hyposmotic stimulation of HCO 3 -absorption is not mediated by a decrease in the solution ionic strength. Also, we have found that pretreatment with phosphatidylinositol-3 kinase inhibitors blocks the hyposmolality-induced stimulation of HCO 3 -absorption but does not prevent the increase in cell volume (D. Good, unpublished observations). This indicates that the increase in cell volume alone is not sufficient to cause stimulation of HCO 3 -absorption but does not address whether the increase in volume is necessary for the HCO 3 -transport stimulation. Recent studies in leukocytes indicate that hypertonic stimulation of NHE1 is dependent on alterations in cell size (42) . Based on the above findings, we believe it is likely that increased cell volume is the signal leading to stimulation of HCO 3 -absorption in the MTAL; however, further work is needed to establish that the increases in cell volume and apical Na + /H + exchange activity induced by hyposmolality are causally related.
Several observations indicate that the apical membrane Na + /H + exchange activity responsible for HCO 3 - absorption in the MTAL is mediated by NHE3: (a) immunocytochemical studies using isoform-specific antibodies have localized NHE3 to the apical membrane of MTAL cells (16, 20) ; (b) the apical Na + /H + exchange activity is relatively amiloride resistant and inhibited by hyperosmolality (12, 29) , 2 distinguishing features of NHE3 (2, 4, 10, 14) ; and (c) chronic metabolic acidosis, which increases apical Na + /H + exchange activity and HCO 3 -absorption in the MTAL (18), increases NHE3 protein expression (25) . In the present study we demonstrate further that hyposmolality increased specifically the activity of an amiloride-resistant, HOE 694-insensitive apical membrane Na + /H + exchanger, consistent with stimulation of NHE3. Recent studies suggest that the apical membrane of the MTAL also may express the amiloride-sensitive isoform NHE2 (36, 37) . However, lumen addition of amiloride or HOE 694 at concentrations that should inhibit NHE2 virtually completely (2, 3) had no effect on HCO 3 -absorption under isosmotic (29) or hyposmotic (Figure 4b ) conditions. Also, NHE2 was inhibited by hyposmolality in other systems (10, 23) . Taken together, these findings strongly support the conclusion that hyposmolality increases HCO 3 -absorption in the MTAL through stimulation of NHE3. EIPA inhibits apical membrane Na + /H + exchange activity. MTAL were studied in isosmotic (a) or hyposmotic (50 mM mannitol removed) (b) solutions. Apical Na + /H + exchange rates (JNa/H) were determined from rates of pH i recovery after lumen Na + addition in the absence and presence of 50 µM lumen EIPA. Data points are values for single tubules. Data without EIPA are from Figure 5 ; n = 4 for each condition. Mean values are presented in Results. Values below figure panels are pH i ± SE at which JNa/H was determined.
In previous studies hyposmolality had no effect on NHE3 activity in NHE-transfected Chinese hamster ovary cells (10) or in LLC-PK 1 cells, a renal epithelial cell line (23) . Thus, to our knowledge, our studies provide the first evidence that the NHE3 isoform is regulated by hyposmotic stress. Furthermore, they establish the physiological relevance of this regulation by demonstrating that it results in the stimulation of transepithelial NaHCO 3 absorption, a primary function of NHE3 in renal epithelia. At present, it is unclear whether the stimulation we observed represents a unique regulatory property of NHE3 in the MTAL. It is apparent, however, that the regulatory mechanisms that couple hyposmolality to the stimulation of NHE3 in the MTAL are absent or functionally inactive in the cell lines studied previously.
NHE isoforms are regulated differentially by hyperosmotic stress. In particular, hyperosmolality stimulates NHE1 and NHE2 but inhibits NHE3 (4, 7, (10) (11) (12) (13) (14) (15) . (The response of NHE2 to hyperosmolality is controversial, with some studies reporting stimulation [10, 11] and others inhibition [15] .) In the present study we found that hyposmolality stimulates NHE3, an effect opposite to the inhibition of NHE1 and NHE2 by hyposmolality in other systems (10, 22, 23) . Thus, although a degree of caution is warranted because the NHE activities were studied in different cell types, our results suggest that the differential regulation of NHEs observed for hyperosmotic stress also occurs in response to hyposmotic stress. It should be noted, however, that in a recent study in jejunal villus epithelial cells, a biphasic response of NHE1 to hyposmotic stress was observed: a 5-7% hyposmotic dilution increased exchanger activity, whereas a 30% hyposmotic dilution decreased exchanger activity (22) . It is presently unclear whether this dilution dependence is applicable to other cell types or to other NHE isoforms. The decreases in osmolality used in the present study represent a reasonable estimate of the decreases in plasma osmolality that typically are observed in clinically relevant hyposmolal states (see below).
The signal transduction pathways that mediate hyposmotic regulation of Na + /H + exchange are unknown. The results of the present study indicate that tyrosine kinase pathways are involved in hyposmotic stimulation of HCO 3 -absorption in the MTAL. Several observations support this view: (a) the stimulation is blocked completely by genistein and herbimycin A, 2 chemically unrelated tyrosine kinase inhibitors with different mechanisms of action (13, 43, 44) ; (b) these inhibitors block hyposmotic stimulation at low concentrations (< 10 µM) that selectively inhibit tyrosine kinases (13, 43, 44) . The specificity of genistein and herbimycin A has been established previously in the MTAL by the observations that these agents selectively block tyrosine kinase-dependent HCO 3 -transport regulation, with no effects on regulation through cAMP-or protein kinase C-dependent pathways (13, 39) ; (c) hyposmotic stimulation was blocked by the tyrosine phosphatase inhibitor molybdate (40) , providing further support for a role for tyrosine phosphorylation. In previous studies we demonstrated that the effect of hyperosmolality to inhibit HCO 3 -absorption through inhibition of apical Na + /H + exchange also is blocked by tyrosine kinase inhibitors (13) , suggesting that tyrosine phosphorylation plays a generalized role in the osmotic regulation of HCO 3 -absorption in the MTAL. In addition, other physiologic effects of hyposmolality have been reported to depend on tyrosine phosphorylation, including activation of Cl -channels in intestinal and endothelial cells (45, 46) and alkalinization of endocytic vesicles in hepatocytes (47) . In the MTAL tyrosine kinase inhibitors increase, whereas tyrosine phosphatase inhibitors decrease, basal HCO 3 -absorption (13) . Based on these findings, we speculate that the stimulation of HCO 3 -absorption by hyposmolality may involve a decrease in tyrosine phosphorylation as a critical step in the regulatory pathway. For example, hyposmolality could reduce tyrosine phosphorylation through stimulation of tyrosine phosphatase activity, a mechanism that could explain the ability of both tyrosine kinase and tyrosine phosphatase inhibitors to block hyposmotic stimulation of HCO 3 -absorption. Based on our findings that hyposmolality increases HCO 3 -absorption through stimulation of NHE3 and that tyrosine kinase inhibitors block completely the hyposmotic stimulation of HCO 3 -absorption, it is reasonable to postulate that hyposmotic stress may be coupled directly to the activation of NHE3 via a tyrosine kinase pathway. However, our results do not rule
Figure 7
Tyrosine kinase inhibitors block stimulation of HCO 3 -absorption by hyposmolality. Hyposmolality was produced by removal of 50 mM mannitol from lumen and bath solutions. Genistein (7 µM, filled circles) or herbimycin A (1 µM, open circles) was present in the bath throughout the experiments. JHCO 3 -, data points, lines, and P value are as in Figure 1 . Mean values are presented in Results.
out the alternative possibility that hyposmolality may act via a tyrosine kinase pathway to modify the activity of another transport pathway, such as basolateral HCO 3 -efflux, that may contribute to the stimulation of HCO 3 -absorption. Important goals for future studies will be to identify proteins that exhibit changes in tyrosine phosphorylation in response to hyposmotic stress in the MTAL and to determine whether hypoand hyperosmolality regulate HCO 3 -absorption through similar or distinct tyrosine kinase pathways. The precise role of tyrosine kinase pathways in the osmotic regulation of apical Na + /H + exchange (NHE3) activity also remains to be determined.
Although hypo-and hyperosmolality both influence MTAL HCO 3 -absorption via tyrosine kinase pathways, additional evidence indicates that these stimuli regulate apical Na + /H + exchange activity through distinct mechanisms. Hyposmolality stimulates exchanger activity by increasing V max , with no effect on the apparent affinity for intracellular H + ( Figure 5 ). In contrast, hyperosmolality inhibits exchanger activity predominantly by decreasing the apparent affinity for internal H + , reflected by an acid-direction shift in the pH idependence curve (12) . These different kinetic mechanisms suggest that the contrary effects of hypo-and hyperosmolality on apical Na + /H + exchange activity are not simply the result of opposite changes in a common regulatory pathway. This conclusion is supported further by our recent demonstration that inhibitors of phosphatidylinositol 3-kinase blocked completely the stimulation of HCO 3 -absorption by hyposmolality but had no effect on the inhibition of HCO 3 -absorption by hyperosmolality (48) . It appears, therefore, that in the MTAL, hyposmolality and hyperosmolality regulate NHE3 activity through distinct signal transduction pathways that modify exchanger activity through different kinetic mechanisms.
Physiological implications and clinical relevance. Our finding that hyposmolality directly stimulates apical membrane Na + /H + exchange (NHE3) activity in the MTAL identifies a previously undescribed mechanism that may contribute importantly to changes in renal electrolyte excretion in a variety of physiological and pathophysiological conditions. Cells in the renal medulla are routinely exposed to rapid and pronounced changes in osmolality because of the function of the urinary concentrating mechanism that controls H 2 O excretion (26) . The osmolality of plasma or interstitial fluid in the outer medulla has not been measured under any conditions; thus, the extent to which peritubular osmolality falls in this region in hyposmolal states is not known. Our results demonstrate, however, that HCO 3 -absorption in the MTAL is stimulated by a small decrease in osmolality (25 mosmol/kg H 2 O) that is well within the range of values observed clinically in serum in hyponatremic disorders (49) . In addition, the volume of renal medullary cells normally is adapted to hyperosmolality in vivo; thus, a decrease in medullary osmolality in vivo would constitute a cell stress similar to that achieved with hyposmolality in the current study (41, 50) . Furthermore, we have shown that stimulation of HCO 3 -absorption in the MTAL occurs in response to a decrease in the concentration of NaCl, the solute primarily responsible for changes in the osmolality of the renal outer medullary interstitium in vivo (26) . It is likely, therefore, that the transport effects and signaling pathways induced by hyposmolality in the present study are relevant to the response of the MTAL to physiologic decreases in extracellular osmolality in vivo, irrespective of whether those decreases achieve hyposmotic levels (26, 41, 50) . Stimulation of apical membrane Na + /H + exchange activity and HCO 3 -absorption in the MTAL by a fall in osmolality could contribute to the urine acidifying effects of loop-acting diuretics (51, 52) and to the increase in urinary net acid excretion that maintains constant the plasma HCO 3 -concentration during hypotonic volume expansion (53) . Our findings have additional implications for regulation of sodium balance if hyposmolality stimulates apical Na + /H + exchange activity in other nephron segments such as the proximal tubule, where NHE3 mediates NaCl absorption as well as NaHCO 3 absorption (17, 19) . For example, hyposmolality at a level similar to that used in the present study is a common side effect of treatment with diuretic drugs (49, 52 ). An effect of hyposmolality to stimulate directly apical Na + /H + exchange activity and NaCl absorption in the proximal tubule could contribute to the development and maintenance of diuretic resistance. Hyposmolality also is a common feature of chronic edematous states such as congestive heart failure and cirrhosis (49, 52) . Hyposmotic stimulation of apical Na + /H + exchange could thus contribute to the maladaptive renal sodium retention observed in these conditions.
